We identified a cDNA encoding a putative cytosolic sulfotransferase (SULT) by searching the expressed sequence tag database of Bombyx mori, and subsequently obtained the full-length cDNA for this gene via rapid amplification of cDNA ends (RACE). We designated this gene bmST1, and showed by sequence analysis that it belongs to a novel SULT family. The tissue specificity of bmST1 mRNA expression was examined in fifth instar larvae by reverse transcriptase-polymerase chain reaction (RT-PCR), and transcripts were detectable in the silk gland, gut, fat body, and Malpighian tube. A recombinant form of bmST1 was then expressed using a gluthathione S-transferase (GST) gene fusion system, and it was purified from Escherichia coli. Purified bmST1 did not exhibit sulfating activity toward SULT substrates such as 4-nitrophenol, vanillin, hydroxysteroids, or monoamines. Surprisingly, however, recombinant bmST1 showed considerable activity toward 4-nitrocatechol and also gallate esters, although the catechins are not sulfated by this enzyme.
We identified a cDNA encoding a putative cytosolic sulfotransferase (SULT) by searching the expressed sequence tag database of Bombyx mori, and subsequently obtained the full-length cDNA for this gene via rapid amplification of cDNA ends (RACE). We designated this gene bmST1, and showed by sequence analysis that it belongs to a novel SULT family. The tissue specificity of bmST1 mRNA expression was examined in fifth instar larvae by reverse transcriptase-polymerase chain reaction (RT-PCR), and transcripts were detectable in the silk gland, gut, fat body, and Malpighian tube. A recombinant form of bmST1 was then expressed using a gluthathione S-transferase (GST) gene fusion system, and it was purified from Escherichia coli. Purified bmST1 did not exhibit sulfating activity toward SULT substrates such as 4-nitrophenol, vanillin, hydroxysteroids, or monoamines. Surprisingly, however, recombinant bmST1 showed considerable activity toward 4-nitrocatechol and also gallate esters, although the catechins are not sulfated by this enzyme.
Key words: aryl sulfotransferase; Bombyx mori; gallic acid; insect Upon entering the body, a foreign compound is subjected to metabolism by a large group of enzymes, collectively referred as xenobiotic-metabolizing enzymes, that includes the phase I oxidative enzymes and the phase II conjugating enzymes.
Sulfation has evolved as an important phase II conjugation reaction. This reaction also has important roles in modulating the biological activity of numerous potent endogenous substances, including iodothyronines, steroids, and catecholamines. [1] [2] [3] Recent reports have identified and characterized novel sulfotransferases (SULTs) from a variety of non-mammalian vertebrates. [4] [5] [6] Various SULT genes are also registered in the genome databases of invertebrates, but their enzymatic characteristics remain to be elucidated, with the exception of SULT101A1 and ceST1. SULT101A1 was originally purified from Spodoptera frugiperda and designated a retinol dehydratase, based on its enzymatic activity. 7) This gene was later classified as a SULT family member by amino acid sequence alignment. 7) We have also reported the characterization of the SULT ceST1, which is expressed abundantly in the dauer larvae of Caenorhabditis elegans and displays sulfating activities for phenolic substances, although its endogenous substrate has not yet been determined. 8) Bombyx mori is the most commonly used species of insect in commercial silk production and one of the most widely used in biophysical and biochemical studies. An expressed sequence tag (EST) database for Bombyx mori is available in the SilkBase (http://papilio.ab.a. u-tokyo.ac.jp/silkbase/index.html). There is one clone in SilkBase, designated maV30354, that has been annotated as a cytosolic SULT by amino acid sequence homology.
9) It contains only a 712 nucleotides fragment, so we generated full-length cDNA by RACE. To elucidate the physiological roles of the activity of this SULT in Bombyx mori, we subsequently cloned its fulllength coding region from fifth instar larvae, generated a recombinant protein, and characterized its enzymatic properties.
Materials and Methods

Materials.
3 0 -Phosphoadenosine-5 0 -phosphosulfate y To whom correspondence should be addressed. Fax: +81-3-5400-2689; E-mail: tamura-hr@kyoritsu-ph.ac.jp Abbreviations: BSA, bovine serum albumin; DTT, dithiothreitol; EST, expression sequenced tag; PAPS, 3 0 -phosphoadenosine-5 0 -phosphosulfate; PBS, phosphate buffered saline; RACE, rapid amplification of cDNA ends; RT-PCR, reverse transcriptase-polymerase chain reaction; SULT, cytosolic sulfotransferase (PAPS) was prepared as previously described. 10) [ 35 S] PAPS was purchased from PerkinElmer Life Sciences (Boston, MA). The prokaryotic expression vector pGEX6P-1, PreScission protease, and glutathione Sepharose 4B and Sephacryl S-200 columns were from GE healthcare (Buckinghamshire, UK). DH-5 competent cells were from Toyobo (Tokyo). BL21 competent cells were from Merck (Darmstadt, Germany). All other materials used in the nucleic acid experiments were from Takara Shuzo. (Kyoto, Japan). The materials used in other experiments were from Sigma-Aldrich (St. Louis, MO).
Tissue specificity of bmST1 mRNA expression. To analyze the tissue specificity of bmST1 mRNA expression in larvae, total RNA was isolated from various tissues, including the silk gland, salivary gland, gut, fat body, and Malpighian tube, by acid guanidinium thiocyanate phenol-chloroform extraction with Isogen (Nippon Gene, Tokyo). The first strand of cDNA was synthesized from 1 mg of total RNA using 1 unit of M-MLV reverse transcriptase with random primers, according to the manufacturer's protocol (Stratagene Alameda, CA). Primers for cytoplasmic actin were designed from sequences published in GenBank. The specific primers used subsequently to amplify the target cDNAs were as follows: cytoplasmic actin (311 bp),
0 , PCR amplifications of cytoplasmic actin and bmST1 mRNA were performed with AmpliTaq Gold polymerase (Applied Biosystems, Warrington, UK) under the following conditions: 9 min at 94 C, followed by 35 cycles at 94 C for 15 s, at 54 C for 15 s and at 72 C for 30 s. The PCR products were resolved by 2% agarose gel electrophoresis, stained with ethidium bromide, and visualized with UV light. Bacterial expression and purification of bmST1. The coding sequence of bmST1 was amplified from the full length cDNA by PCR using KOD-Plus Taq polymerase (Toyobo, Tokyo) and specific primers containing BamHI and NotI consensus sites to facilitate cloning. The primers used were 5 0 -TAAAGGATCCATGGCGATCCG-TTTTCCACATG-3 0 (forward) and 5 0 -ATTTGCGGC-CGCTATATTTCCACAACGGGATACC-3 0 (reverse).
The amplified fragment was then digested with BamHI and NotI and ligated into prokaryotic expression vector pGEX6P-1. The resulting construct was amplified in E. coli DH5-cells and purified with a Qiagen plasmid midi kit (Qiagen, Valencia, CA). The bmST1 cDNA insert was then verified by sequencing.
To generate recombinant SULT, pGEX6P-1 vector expressing bmST1 was co-transformed with pG-KJE8 vector (Takara, Kyoto, Japan) into the E. coli BL21 strain in order to co-express the molecular chaperones GroEL and GroES. The transformed BL21 clones were then cultured in Luria-Bertani broth containing 50 mg/ml ampicillin, 20 mg/ml chloramphenicol, 2 ng/ml tetracycline, and autoinduction system 1 (Novagen, Madison, WI) for 40 h at 20 C. The cells were harvested by centrifugation at 6,000 g for 10 min at 4 C, and resuspended in 40 ml of ice-cold PBS containing 1.5 mM dithiothreitohl (DTT). After sonication, the lysate was centrifuged at 12,000 g for 10 min at 4 C. The resulting supernatant was then filtered (pore size, 0.45 mm). The purification procedures for recombinant bmST1 were carried out at 4 C. The soluble fraction containing recombinant bmST1 was next loaded onto a glutathione Sepharose 4B column preequilibrated with PBS containing 1.5 mM DTT. This column was washed with the same buffer, and recombinant proteins were eluted by digestion with PreScission protease according to the manufacturer's protocol. The eluate was then loaded onto a Sephacryl S-200 high load column preequilibrated with buffer containing 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, 1.5 mM DTT, 150 mM NaCl, and 10% glycerol. The purified protein was analyzed by SDS-PAGE, using an 10% polyacrylamide slab gel as described by Laemmli.
11)
SULT activity assay. The SULT activity of the purified recombinant bmST1 was determined using [ 35 S]PAPS as the sulfate donor and the indicated compounds as sulfate acceptors, according to the procedure of Foldes and Meek, with slight modifications. 12) Briefly, under typical assay conditions, the reaction mixture (250 ml) contained 200 mM Tris-HCl, pH 8.2, 1 mM [
35 S]PAPS (0.1 mCi), 0.1% bovine serum albumin, 0.4 mg of purified protein, and 100 mM acceptors. This mixture was incubated at 25 C for 30 min, and the reaction was stopped by the addition of 100 ml of 1:1 mixture of 0.1 M barium acetate and barium hydroxide. Fifty microliters of 0.1 M zinc sulfate was then added to the mixture and followed by centrifugation at 1,200 g for 5 min. Aliquots (300 ml) of the supernatants were transferred to new microcentrifuge tubes, and 50 ml of an equal volume of 0.1 M barium hydroxide and 0.1 M zinc sulfate was added to each tube. The mixtures were centrifuged at 13,000 g for 5 min, and 300 ml aliquots of the resulting supernatants were mixed with 2.5 ml of Cleasol I (Nacalai Tesque, Kyoto, Japan). Their radio activity levels were measured with a model LSC-3500 scintillation counter (Aloka, Tokyo).
Results
Cloning and sequencing of full-length bmST1 cDNA We identified a single cDNA clone in Bombyx mori encoding a putative SULT protein from searches of SilkBase, designated maV30354, that contains a 712 nucleotide fragment (Fig. 1) . Then we generated the full-length cDNA clone by RACE. We designated this gene bmST1 (accession no. AB284983 in DDBJ). Its cDNA contains an open reading frame (ORF) of 981 nucleotides encoding a protein of 326 amino acids, with a calculated molecular mass of 38 kDa (Fig. 1) . The amino acid alignment of bmST1 and other insect SULTs is shown in Fig. 2 in the 3 0 PB, which are thought to be PAPS binding sites. 13) A corresponding dendrogram is shown in Fig. 3 . As it indicates that the amino acid sequence of bmST1 shows no significant homology with either the human SULTs or ceST1. In the Drosophila melanogaster genome, however, four SULT homologs are evident, but these similarities are all less than 36%. The gene product with the greatest homology to bmST1 was found to be SULT101A1 (Fig. 3) , although the amino acid similarity in this case was only 39%. These results indicate that bmST1 belongs to a novel family of SULTs.
Tissue specificity of bmST1 mRNA expression We examined the tissue specificity of bmST1 mRNA expression in the larvae of Bombyx mori by RT-PCR. As shown in Fig. 4 , bmST1 transcripts were detectable in the middle silk gland, gut, fat body, and Malpighian tube. Faint expression was also evident in the anterior and posterior silk glands, and also in the salivary gland.
Purification of bacterially expressed bmST1
When the cDNA of bmST1 was expressed from the pGEX6P-1 vector in E. coli BL21 cells, the resulting bacterially expressed protein was found to be produced in large quantities, but also to form aggregates in an insoluble fraction (Fig. 5A) . However, coexpression of the molecular chaperones groEL and groES in the bacterial cells improved the solubility of this GST fusion form of recombinant bmST1 (Fig. 5A ). BL21 cell lysates expressing bmST1 and these two chaperones were subjected to Glutathione Sepharose 4B and Sephacryl S-200 column chromatography. The bmST1 fusion product was eluted at an approximate molecular mass of 40 kDa (Fig. 5B ). The purified protein was then found to migrate at approximately 40 kDa on an SDS-PAGE gel after removal of the GST tag with PreScission protease (Fig. 5C ). These data indicate that bmST1 exists in a monomeric form.
Enzymatic characterization of bmST1 activity
A number of both xenobiotic and endogenous SULT substrates were used as sulfate acceptors in assays for bmST1 sulfating activity, but no sulfating activity was observed in these experiments using the compounds listed in Table 1 . We tested additional acceptor molecules in these assays, and observed sulfating activity for bmST1 using 4-nitrocatecol, with the optimal pH determined to be 8.2 (Fig. 6A) . Moreover, we observed that the salt concentration was critical for bmST1 activity, since adjusting the concentration of Tris was more effective than altering the pH in achieving maximal levels of sulfation. The activity of bmST1 was increased by the addition of sodium chloride to the assay mixture of 50 mM Tris-HCl, pH 8.2, and the optimal concentration was found to be 150 mM (data not shown). In addition, whereas the effects of the incubation temperature were not found to be critical from 25 C to 35 C, bmST1 activity increased significantly follow- A, Bacterially expressed bmST1 was analyzed by SDS-PAGE. The GST fusion form of bmST1 was expressed in BL21 alone (lanes 2 and 3) or with GroEL and GroES (lanes 4 and 5). The control cell lysate of BL21, which expressed neither bmST1, GroEL, nor GroES, is also shown in lanes 6 and 7. Protein samples corresponding to 100 ml of culture were analyzed by SDS-PAGE and stained with Coomassie blue: Lane 1, molecular weight markers; lanes 2, 4, and 6, soluble fraction of BL21; lanes 3, 5, and 7, insoluble fraction of BL21. The position of bmST1 is indicated by an arrow. The protein molecular weight markers were phosphorylase b (97 kDa), albumin (66 kDa), ovalbumin (45 kDa), carbonic anhydrase (30 kDa) and trypsin inhibitor (20.1 kDa). B, Glutathione Sepharose fractions were applied to a Sephacryl S-200 gel filtration column. The subsequent elution profile is based on OD 280 measurements. Each arrow indicates the peak position of albumin or ovalbumin. C, Purified bmST1 was subjected to SDS-PAGE on a 10% gel, followed by Coomassie Brilliant Blue staining. Lane 1, molecular weight markers; lane 2, post Glutathione Sepharose column fraction; lane 3, eluate of a Sephacryl S-200 column, fraction number 29. The position of bmST1 is indicated by an arrow. The protein molecular weight markers are the same as in (A). ing the addition of 0.1% bovine serum albumin (BSA) (Fig. 6B ). The addition of both magnesium cation and dithiothreitol was observed to be slightly inhibitory of bmST1 activity (data not shown).
Based upon the results of bmST1 activity optimization experiments, we performed all additional assays in 200 mM Tris buffer at pH 8.2, supplemented with 0.1% BSA. Subsequently we calculated the K m and k cat values of PAPS to be 1:17 AE 0:36 mM and 0:194 AE 0:049 min À1 respectively. Moreover, the sulfating activity of bmST1 was also observed using gallic acid, methylgallate, ethylgallate, and propylgallate as acceptor molecules (Fig. 7) . The K m and k cat values of 4-nitrocatecol were calculated to be 4:30 AE 1:19 mM and 0:388 AE 0:046 min À1 respectively. The corresponding values for propylgallate were found to be 170 AE 26 mM and 0:012 AE 0:02 min À1 respectively.
Discussion
In this study, we describe the cloning and enzymatic characterization of bmST1, a cytosolic sulfotransferase of Bombyx mori, which corresponds to the annotated EST clone maV30354 in SilkBase. Subsequently we obtained the full-length coding region of this gene by RACE, and investigated the tissue specificity of its mRNA expression in fifth instar larvae. We also generated a recombinant bmST1 protein and further characterized its enzymatic properties. This study represents the second report describing the cloning and characterization of a SULT homologe from an insect. The first report identified SULT101A1 from Spodoptera frugiperda, 7) which was designated a retinol dehydratase based upon its enzymatic activity, and was later classified as a SULT family member by amino acid sequence alignment. In addition, four putative SULT homologs were also registered in the Drosophila melanogaster genome database. Our current amino acid sequence and phylogenic tree analysis, however, reveals that bmST1 belongs to a new family of SULTs. 14) Purified recombinant bmST1 shows sulfation activities towards 4-nitrocatecol, gallic acid, and gallate esters, but no sulfating activity for bmST1 was observed toward a number of representative substrates, including 4-nitrophenol, 2-naphthol, and dopamine. The sulfating activity of bmST1 towards other known endogenous phenolic compounds, hydroxysteroids, and polyphenols such as catechin, was also not detectable. Hence, the substrate specificity of bmST1 appears to be quite different from the known SULTs, including SULT101A1. It has also been reported that gallic acid stimulates the growth of Bombyx mori larvae. 15) It is therefore possible that bmST1 is involved in the metabolism of phenolic compounds found in foodstuffs, and that it modulates the biological activity of these compounds. The KTVE motif, which is critical for the dimerization of cytosolic sulfotransferases, 16) is not conserved in bmST1 (Fig. 2) . It is also noteworthy that none of the identified SULT family members in insects harbors this motif. In contrast, all known mammalian SULT homologs, with the exception of mouse SULT1E1, harbor the KTVE motif and exist in a dimeric form. The KTVE motif is also partially conserved in ceST1. 8) Phylogenic tree analysis indicates that there are no putative orthologs of bmST1 among the SULT family members in insects. The molecular evolution of the SULT family remains unclear at present, but comparisons between mammalian and invertebrate SULTs are likely to be useful in such analysis when additional invertebrate SULT family members are characterized in the future.
The expression of bmST1 was found to localize mainly in excretory tissues, which may indicate that one of the physiological functions of this enzyme is to metabolize waste products or toxic xenobiotics. Hamamoto et al. have reported that the effectiveness of oral administration of various antibiotics in silkworms is consistent with the results found in mammals.
17) The silkworm model might, then, be useful in antibiotic prescreening, before testing in mammals. Further investigation of xenobiotic metabolism in Bombyx mori is necessary for this purpose.
